The low level jet and the associated low level south-west vortex are the main mesoscale systems which bring heavy rains over East Asia. In order to examine the influence of Qinghai-Tibet Plateau (QTP) on these circulation systems, a control and two experiments were performed with the ECMWF grid point limited area model for a typical heavy rainfall case during the presummer rainy (Mei-yu) season.
Introduction
The presummer rainy season in East Asia (June-July) is called Baiu in Japan and Mei-yu (plum rain) in China because heavy rainfall occurs frequently over the middle and lower Yangtze Valley (35*-30*N,110*-120*E) when the plums are ripe. During this period, a quasi-stationary front (Mei-yu front) lies between 30*-35*N from the Japan Islands to eastern China. Many synoptic studies have shown that the characteristics of the Mei-yu front are different from those of polar fronts (Tao, 1980; Ninomiya and Akiyama, 1979) ; the temperature gradient is rather weak in the frontal zone but a moisture contrast is evident. The Mei-yu front is formed to the * Visiting scientist on leave form : Department of Geophysics, Peking University, Beijing, China. north-west of the Western Pacific Subtropical High-WPSH hereafter.
In the lower troposphere (850-700 mb), the features of the wind field associated with the Mei-yu front are more pronounced than those of the thermal field. A cyclonic shear line is located about 200-300 km north of the surface front, and between the shear line and the WPSH there is a strong south-westerly low level jet (LL) with length scale *103 km and super-geostrophic winds. This LLJ not only transports warm moist tropical marine air northward and creates a potentially unstable layer in the lower troposphere, but it also induces a strong vertical circulation with ascent to the north of it and descent to the south, due to the geostrophic imbalance and the instability of internal gravity waves (Chen, 1982) . The occurrence of heavy rains and severe storms is closely related to the LLJ, usually located on the left side of the jet streak, 200-300 km downstream. Therefore the LLJ can be considered as a main rainbearing circulation system in the Mei-yu season. Tao and Ding (1981) inferred that the generation and development of the LLJ is partly controlled by the effect of the QinghaiTibet Plateau (QTP hereafter).
Despite its position north of 30*N, the QTP acts as a western boundary to the easterlies south of the WPSH between 20*N and 25*N. In fact the easterlies merge with the low level southwest (SW) monsoon which flows from the Bay of Bengal along the southern flank of the QTP. Due to this confluence with the SW monsoon, the southeasterlies see the QTP as a western boundary. Therefore the southeasterly flow along the western periphery of the WPSH reaches the western boundary, turns towards the east and accelerates due to the conservation of potential vorticitythe process is similar to that discussed by Wexler (1961) for the LLJ over North America. In our case the jet streak is also influenced by the vortex which forms over the Plateau, amplifies and moves east. Recently, Sun and Dell'Osso (1985) , with their numerical simulations, pointed out that the orographic effect on the SW monsoon is more important than that on the south-easterlies from the Western Pacific in the formation of the LLJ.
Some meso-scale * disturbances (Orlansky, 1975) , 103 km in wavelength, are often formed on the Mei-yu front; they take the form of wave cyclones at the surface. The source of such disturbances can be traced back to the QTP. During the summer the occurrence of convective systems over the Plateau is higher than over other regions. Under some favourable circumstances, i. e. an upper westerly trough travelling over the Plateau from the north-west, and/or a SW monsoon flow from the south, the convective systems will be organized into a shallow meso-scale * vortex in the planetary boundary layer over the QTP (Ye, 1981) . When the moist monsoon air travels into the Sichuan Basin (height 500 m) through the Yaluzangbu-Brahmaputra Valley, a potentially unstable layer is built up below 500mb. If the vortex over the QTP (*500mb) moves eastward there is middle tropospheric positive vorticity advection and when this becomes superimposed upon the lower unstable air, a low level vortex (850-700 mb) will develop over the Basin (Chen and Dell'Osso, 1984) . This vortex is called the south-west (SW) vortex because it is located in the south-west part of China. The SW vortex is not a baroclinic vortex, it has a warm structure and only weak north-south baroclinicity. According to Spiegler (1972) , it seems better to define it as a semi-tropical cyclone. The SW vortex is the early stage of the surface Mei-yu cyclone-when it moves eastward along the shear line and approaches 110*E, a surface cyclone is usually initiated on the Mei-yu front and causes extensive heavy rains. The Mei-yu cyclone also produces severe weather over south Japan when it moves further east.
In a numerical case study, Dell'Osso and Chen (1986) showed that the release of latent heat and the orographic forcing are essential for the formation of the vortex over the QTP. This study is an extension of that work. First, a control experiment (CON) is run for a heavy precipitation case during the Mei-yu season, then two experiments are carried out with different versions of the orography in order to assess the QTP forcing on the formation of the SW vortex, LLJ and the associated heavy rains over eastern China.
Description of the model and experiments
The limited area version of the ECMWF global grid point model (Burridge and Haseler, 1977) was used in our experiment. It uses i coordinates and has 15 levels in the vertical. The physics includes the large scale condensation, a modified Kuo convection scheme (Kuo, 1974) , radiation and planetary boundary layer physics (Tiedtke et al., 1979) . The horizontal grid length is 1.875* longitude/latitude. This resolution may be too coarse for simulating meso-scale * disturbances, but is appropriate if our aim is to simulate the broad features of the circulation systems rather than its detail (Dell'Osso and Chen, 1986) . The integration area is 0*N to 70*N and 40*E to 160*E. The boundary values are updated every time step (15 min) and obtained from a linear interpolation of the analyses taken at 12 h intervals.
A mean orography was used in the control experiment (Fig. la) . This version, described by Tibaldi and Geleyn (1981) , was derived from the U. S. Navy data which has a resolution of 10'. A grid point filter was passed over grid points using a bi-dimensional Gaussian weighting function with a radius of influence of 100km.
Two experiments were performed to investigate the effect of the QTP forcing.
All the physics in these experiments was unchanged except the orography.
In the first experiment (HVP) the height as well as the slope of the Plateau was reduced to half that in CON. In the second experiment, an envelope orography was used (EVP) : the height of the Plateau (he) was taken to be (wallace et al., 1983) he=h+*, where h is the mean height, * is the standard deviation of the height in a grid square and * is a constant.
Fig. lb, c show the envelope Plateau with *=*2 and the difference between he and h. In the envelope representation the area of the Plateau is expanded and the height increased . On the south flank of the Plateau, Mt. Himalaya increases by about 1500m, while in the north Mt. Altyn and Mt. Chilien (around 39*N , from 80*E to 105*E) increase by 1000m , as does Mt. Tainshan (around 42*N, from 78*E to 90*E) in Xin-jang.
Thus the increase of the southern slope is larger than that of the northern slope in the envelope scheme. Furthermore, the height of the Sichuan Basin where the vortex is formed is increased up to 2000m, nearly 1000m higher than that of the smoothed orography.
The fields for the two experiments were initialized from the fields used in the control (i. e. with the mean orography).
To adjust the fields the orographic height was changed steadily from the mean values to the modified ones during the first 12h of integration. However, despite this slow adjustment, the shock from the initial imbalance cannot be avoided completely, and this may mask the true influence of the modified orography. From the theoretical study by Guo and Chou (1980) it appears that the air flow adjusts to the mountain within one day. Therefore, the comparison of numerical results is made only for the 48h forecast.
Observed feature and results of the control experiment
A case of heavy precipitation over eastern China was chosen for investigation. and the 700mb wind field 48 hours later. Initially, at 500mb, a deep trough in the westerlies was located along 85*E, with its southern part over the Plateau, and the monsoon trough (ITCZ) over India was further north than normal. The SW monsoon flowed from the Bay of Bengal northward over the Plateau and then turned anti-cyclonically towards the east. A weak cyclonic vortex formed over the middle of the Plateau (95*E, 33*N). The features in the field at 700mb were typical of a Mei-yu circulation pattern.
The axis of the WPSH was along 25*N with the westerlies about 20* further north.
A cyclonic shear line was located along 32*N; to the north of it there was a series of weak highs and to the south a westerly LLJ which reached its maximum speed, 200m s-1, over the East China Sea. The surface Mei-yu front was parallel to the shear line and located about 200km south of it.
24 hours later (00GMT, 21 July) the vortex over the Plateau, with the trough north of it, moved eastward off the Plateau and the SW vortex started to form in the lower troposphere (figure not shown). By 00GMT, 22 July, a well developed SW vortex was located to the east of the Sichuan Basin. At the same time the WPSH shifted west and the LLJ backed to a south-westerly flow, whilst the maximum wind speed increased up to 20m s-1 indicating that more warm and moist air was transported northward, which was favourable for heavy rains. The concentration of the momentum in the LLJ was due partly to the SW monsoon, the easterlies south of the WPSH and the development of the SW vortex.
A low level wave cyclone formed over the Yangtze Valley (32*N, 120*E) at 00GMT, 22 July, with a central 1000mb height of -20 gpm (Fig. 3a) . Heavy rainfall occurred around the middle Yangtze Valley (Fig. 5a ) and this was concentrated over the south of the Henan province (33*N, 114*E), where the precipitation reached a maximum of 330 mm day-1. This was located ahead of the SW vortex and it was closely related to the surface Mei-yu cyclone. One day later, the Mei-yu cyclone reached southern Japan and a record rainfall of 187mm h-1 was observed at Nagasaki during 23-24 July 1982 (Hasegawa and Ninomiya, 1984) .
The 1000mb and 700mb wind and height fields from the 48h simulation in the control experiment are shown in Fig. 3b and Fig. 4a . Compared to the analyses, the LLJ, SW vortex and Mei-yu cyclone are well simulated. The predicted SW vortex is in the correct position and, also the evolution of the vortex in the model is similar to that observed ; the change of the direction and the intensity of the LLJ are also reproduced.
At 1000mb, an east-west orientated trough is predicted along the Yangtze Valley, though no low centre is apparent with a contour interval of 40gpm. The height contour interval is 40gpm.
However, the cyclonic circulation over the Henan province can be predicted from the wind field. Its position is 300km west of that observed. The 24-48h predicted rainfall zone extends from 105*E to 120*E between Yellow River and the Yangtze Valley (Fig. 5b) . The distribution is similar to that observed, though the area of maximum rainfall is about 200 km too far west and its intensity is much too small (only about 1/5 of that observed). Many studies have shown that the latent heat release is one of the major energy sources of the meso-scale cyclone (e. g. Nitta, 1964, and Chen and Dell'Osso, 1984) . Consequently a deficiency in the latent heat release, perhaps partly due to the coarse resolution, is probably one of the causes of the error in the simulation of the Mei-yu cyclone. Apart from this error, the relative A theoretical study (Wu, 1983) has shown that there exists a critical value of the orographical height Hc, *N2000m, below which the climbing effect dominates and for mountain height higher than Hc, the deflecting effect is more important.
As the height and slope of QTP is halved, one can expect that the interaction between the north-westerlies and the SW monsoon is enhanced. This is indeed the result obtained in the experiment with the height of the QTP halved (HVP). Fig. 4b shows the 48h simulated 700mb wind field in this experiment : a broad SW monsoon travels over the Plateau and turns towards the east, while the westerlies shift 500km to the south of that observed and travel over the north-east part of the Plateau. These two currents, with different origins converge over the east Asian coast. A strong LL J with maximum speed up to 30m s-1, is simulated over the Yellow Sea and South Korea ; this is about 1000km north-east of that observed (Fig. 4b) . The feature is similar to the confluence theory of jet streams presented by Namias and Clapp (1949) , but it occurs in the lower troposphere rather than in the upper troposphere.
The confluence is also apparent from the temperature difference between HVP and CON (Fig. 6) . A warm belt due to the SW monsoon extends from southwest China to the Shangdong Peninsula 35*N, 120*E (the warming centre +4*C, is partly due to the latent heat release), while a cool belt due to the north-westerlies from Xin-Jang (42*N, 95*E) penetrates to Shangxi province (35*N, 115*E). The increasing of temperature contrast in the confluence zone is favourable for the baroclinic development. Subsequently a trough develops along 115*E instead of the observed SW vortex. At 1000mb (Fig. 3c) , a major cyclone with central height -90gpm (near 987mb at the surface) is simulated over the Shangdong Peninsula, ahead of the upper trough. It is evident that this cyclone is completely different from the Mei-yu cyclone both in scale and structure.
The 24-48h predicted rainfall area located between the Shangdong Peninsula and South Korea (Fig. 5c ) is 1000km north-east of that observed.
Large scale descent occurs over the Yangtze Valley (figure not shown) and the weather turned out to be extremely dry.
Due to the reduced height of the Plateau, the SW monsoon flows over the Plateau and does not block the easterlies south of the WPSH. This means that the WPSH extends towards the west and becomes a broad anticyclone occupying the whole of south China. The easterlies do no turn to the north as found in the analysis, but flow westward and merge with the SW monsoon along 15*N. In other words, the confluence of SW monsoon and easterlies to form the LLJ over the Yangtze Valley is not simulated in the HVP experiment.
The failure to simulate the rain-bearing circulation systems and associated heavy rainfall zone in the HVP experiment indicates that, to a large extent, the forcing of QTP is quite important in the development and maintenance of the Mei-yu circulation. Lowering the height of QTP enhances the interaction between the north-westerlies and SW monsoon, leading to a typical middle latitude development which is totally different from the features of the Mei-yu circulation aforementioned.
Envelope QTP experiment
The blocking effect of the Plateau is enhanced in the experiment with an envelope orography (EVP), especially of the south flank. The SW monsoon is a shallow current (bellow 500mb), and most of it is deflected by the envelope Plateau and turns to the east (Fig. 3c ). An intensified LLJ, wind speed 15m s-1, is simulated around the south border of the QTP. This result is similar to that obtained in another numerical case study by Dell'Osso and Chen (1986) . Also Bannon (1982) found that the slope of the Somali high land is essential in determining the strength of the cross-equatorial eastern Africa LLJ ; the steeper the slope, the stronger the LLJ. This is also the case for the SW monsoon flow and the Plateau.
The simulated WPSH is 300km west of that observed. The easterlies south of the WPSH turn to the north abruptly, producing a strong southerly LLJ, instead of the southwest LLJ found in the CON which occupies the Sichuan Basin ; the vortex appears to be located west of 105*E. At 1000mb, neither cyclone nor trough is predicted over the Yangtze Valley both in the height and wind field (Fig. 3d) .
Consider the possible reasons for the failure to simulate the SW vortex in EVP. Since the height of the Sichuan Basin is increased by nearly 1000m in the envelope representation, the potentially unstable layer over the Basin is considerably reduced; this is unfavourable for the development of the low level SW vortex.
Also the trough in the westerlies north of 40*N (near 100*E) is weaker in EVP than in CON. Finally, the increased northern slope of the envelope Plateau prevents the disturbances travelling southwards and the subsequent development of the SW vortex.
The 24-48h predicted precipitation area is shifted to the west in EVP with the maximum, 81mm, occurring over the Sichuan Basin. More rainfall around and over the Plateau, especially on the southern and eastern flanks, shows that the meso-scale circulation systems are excited. The rainfall over the Yangtze Valley is below 10mm. In this sense it cannot be described as Mei-yu rain. three experiments, a difluent flow with anticyclonic vorticity and divergence over the area of maximum precipitation is simulated. This is similar to the features found in the upper flow over intense convection (Ninomiya, 1971) and Baiu heavy rainfall area south of Japan (Ninomiya and Tatsumi, 1980) . The relative positions of the subtropical jet, LL J and heavy rainfall area are similar in the three experiments, i. e., the heavy rainfall area is located on the southern side of the subtropical jet and to the north of the LLJ. However, the rainfall regimes are quite different.
Further comparison between the experiments
The westerlies are much more zonal in HVP than those in EVP, especially over the Plateau.
On the other hand, the trough simulated over the east of Japan in HVP is shifted to the west of Japan in EVP; this indicates that the planetary wavelength is shortened as the height of the Plateau increases.
The Tibetan high is a semipermanent centre of action in the upper half of the troposphere during summer. Tao and Ding (1981) pointed out that the location of the rainfall area over eastern China is closely related to the position of the high at 200mb. If the centre of the high is located east of 100*E (eastern type), drought occurs in the middle and lower Yangtze Valley; if the centre of the high shifts west of 100*E (western type), Mei-yu rain occurs.
It is interesting to note that in HVP a Tibetan high of the eastern type is simulated, while a western type is found in CON and EVP. In HVP, the Tibetan high (defined by the 12480gpm height contour) extends eastward to 140*E. A close high centre (with height 12570gpm) is located over the Yangtze Valley, and there is a deficiency of rainfall in that area. In CON, the high is weaker and the centre lies at 80* E; the ridge is limited to 130*E. In EVP, the high shifts further to the west and the ridge only extends to 120*E. The Plateau forcing is quite important in the determination of the pattern of the Tibetan high, though the mechanism is not yet clear.
Orographic forcing also greatly influences the vertical wind structure and circulation over Eastern China. Figs. 8a-c show the 48h simulated vertical cross-section along 115*E for the three experiments.
In CON, the upper subtropical jet is at 37*N, 200mb and the LLJ at 32*N, 850mb. A large ascent (-0.2 Pas-1), consistent with the heavy precipitation area, is located south of the subtropical jet and north of the LLJ ; weak subsidence occurs on the north of the subtropical jet and south of the LLJ. Thus a direct circulation along the subtropical jet and an indirect circulation along the LLJ are formed. This is a typical vertical circulation in the heavy rainfall area in summer (Chen and Dell'Osso, 1984) . In the HVP, the subtropical jet is expanded and about 10m s-1 weaker than that of CON. The ascent north of the LLJ is limited below 700mb, while descent occupies the upper troposphere. Instead a large value ascent is located north of the subtropical jet, i. e. an indirect circulation is simulated along the subtropical jet. In the EVP, the subtropical jet also shifts south and the momentum is concentrated in a narrower zone. The vertical circulation is similar to that in CON, but the intensity of the direct circulation associated with the subtropical jet is stronger and the indirect circulation associated with the LLJ weaker than those in CON.
The differences in the simulated subtropical jet in the three experiments suggest that the interaction between meso-scale circulation systems, which are forced by orography, and large scale circulation systems should be considered in order to investigate the response of the large scale circulation to the Plateau forcing.
Summary and concluding remarks
To determine the effect of QTP forcing on the maintenance and evolution of the meso-scale * systems over eastern China during the Mei-yu season, a control and two experiments, one with the Plateau height decreased and another with it increased, are performed using the ECMWF limited area model. The main results are summarized as follows:
1. The control experiment successfully predicts the general features of the Mei-yu circulation.
Also the model captures the development of the SW vortex and the formation of the surface Mei-yu cyclone.
The location of the heavy rainfall belt is well simulated but the total amount is relatively small. The change of direction and intensity of the LLJ are also reproduced in the model.
2. When the height of the QTP is reduced, the SW monsoon rushes over the Plateau and converges with the north-westerlies in the lower troposphere.
The Mei-yu rainbearing system is no longer maintained, instead a typical middle latitude baroclinic development takes place over eastern China.
3. In the experiment with an envelope orography, the SW monsoon flow travels round the Plateau.
With the westward shift of the WPSH, the LLJ becomes a southerly flow parallel to the east flank of the Plateau. The SW vortex is not well formed and no Mei-yu cyclone appears over the Yangtze Valley. The heavy rainfall restricted to the Sichuan Basin suggests that no typical Mei-yu rain occurs.
4. The formation and maintenance of the LLJ are mainly due to the southern boundary effect to the SW monsoon. The monsoon current, deflected by the Plateau, converges with the flow along the western periphery of the WPSH, concentrating the momentum in the LLJ. It appears that this is one of the links between the Indian monsoon and the Mei-yu circulation in East Asia, and this link is closely related with QTP forcing, converges with the flow along the western periphery of the WPSH, concentrating the momentum in the LLJ. It appears that this is one of the links between the Indian monsoon and the Mei-yu circulation in East Asia, and this link is closely related with QTP forcing.
5. It appears that the Plateau restricts the interaction between westerlies and SW monsoon which is essential for the vortex genesis over the Plateau and the consequent evolution of the rain-bearing systems east of the Plateau.
Enhancing the interaction (reduce the Plateau height), or reducing the interaction (increase the Plateau height) causes a dramatic change of the Mei-yu circulation. Thus, besides the treatment of the model physics over the Plateau area, the height and shape of the Plateau in the model are also important for producing good forecasts of meso-scale * systems around the QTP (Wu and Chen, 1984) .
6. QTP forcing has a significant effect on the heavy rainfall regime over eastern China. Precipitation areas are shifted to the northeast when the Plateau height is reduced and to the south-west if the height is increased. In other words, the QTP partly controls the water resource over the Asia main land, and possibly, Japan.
During the presummer rainy season, three low level currents travel to the QTP, i. e. cold and dry air from, the north, warm and moist monsoon from the south and tropical marine air from the West Pacific. Differences in height, slope and shape of the Plateau cause different interactions between these three currents, resulting in different circulation systems. Thus the orographic forcing is much more complicated than that in the winter season, when the Plateau is subject to a broad westerly flow. Numerical results presented in this paper are only preliminary. Further research, using both theoretical and diagnostic studies, is required in order to improve the severe weather forecasts over the East Asian main land.
